Abstract
Introduction

59
The build-up of extensive Northern Hemisphere (NH) land ice started around 3.6 Ma ago To explicitly test this hypothesis we perform a high-resolution multiproxy terrestrial and 104 marine palynological, organic geochemical, and stable isotope study on a marginal marine 105 sediment sequence from the southern North Sea (SNS) during the early Pleistocene "41 kyr-106 world". We investigate the leads and lags of regional marine vs. terrestrial climatic cooling Ziegler (1990) Basin (Fig. 1) . This system was fed by rainfall as well as by melt-water originating from 139 Scandinavian glaciers (Kuhlmann et al., 2004) , principally from the Baltic Shield in the east 140 8 with some contribution from the south (Fig. 1) (Bijlsma, 1981; Kuhlmann, 2004) . The 141 sedimentation rates reached up to 84 cm/kyr at the studied locations ( Fig. 2) (Kuhlmann et al., 142 2006b). Today, the continental river runoff contributes only 0.5 % of the water budget in the
143
North Sea (Zöllmer and Irion, 1996) and dinocyst biostratigraphy. The magnetostratigraphy, core correlation and age-diagnostic 156 dinocyst events used for this age-model are summarized in Fig. 2 and Table S1 . The 157 recovered material mainly consists of fine-grained, soft sediments (clayey to very fine sandy),
158
sampled from cuttings, undisturbed sidewall cores and core sections (Fig. 2) . Geochemical 159 analyses were limited to the (sidewall) core intervals, while the cuttings were to increase Table S1 . cycle that can be preserved in sediments (Head, 1996) . Dinocyst distribution in marine Here we use the preference of certain taxa to cold-temperate to arctic surface waters to derive tepikiense, the only extant dinocyst among our cold-water species, has been recorded from the 248 mixing zone of polar front oceanic waters with cold brackish meltwaters from glacier ice 249 (e.g., Bakken and Dale, 1986) and at the transition between the subpolar and temperate zones 250 (Dale, 1996) . The combined abundance of Lingulodinium machaerophorum,
251
Tuberculodinium vancampoae, Polysphaeridium zoharyi and Operculodinium israelianum is 252 used here to indicate, coastal waters, although they generally also relate to warmer conditions. pollen input through water transport (Whitehead, 1983) , whereas wind-transported pollen 280 typically show a low-diversity. Sediments of a location proximal to a river delta likely receive 281 a majority of pollen that is water-transported, while distal locations are dominated by wind-282 transported pollen and particularly bisaccate taxa (Hooghiemstra, 1988 
Palynological processing
291
The samples were processed using standard palynological procedures (e.g., Faegri et al., 
358
Analyses of the apolar fractions were performed on a ThermoFinnigan Trace GC ultra,
359
interfaced to a ThermoFinnigan Trace DSQ MS using the same temperature program, column 360 and injection volume as for GC analysis. Alkane ratios are calculated using peak surface areas 361 of the respective alkanes from the GC/FID chromatograms.
363
Prior to analyses, the polar fractions, containing the GDGTs, were dissolved in n-hexane : just a part of the coarser grained interglacial intervals (Fig. 3) . The percentage record of cold 401 water dinocysts is quite scattered in some intervals but indicates generally colder conditions 402 within glacial stages, and minima during %AP maxima (Fig. 3) . After peak cold conditions progradation of the Eridanos delta front (Fig. S1 ).
416
Organic geochemical proxies
417
The lowest TOC contents are reached in the clay intervals, and typically range between 0.5% 418 in glacials and 1% in interglacials (Fig. 3) . Nitrogen concentrations are relatively stable 
424
Sphagnum biomarker correlates consistently with the T/M ratio, %AP, and cold water 425 dinocysts (Fig. 3) , while the variation in the CPI index is partially out of phase; it is more 
437
Low values during interglacials generally coincide with low CBT'-reconstructed soil pH of 438 <6.0 (Fig. 3) . the advancing Eridanos delta front from the east toward the sites (Fig. S1 ). This trend is 455 captured by the long-term increases in the T/M ratio and the proportion of coastal dinocysts 456 (Fig. 3) . In-or exclusion of bisaccate pollen in the T/M index (Fig. S5) , the component most generally warmer and more humid conditions than during MIS 102, 98, 96, and 94 (Fig. 3) .
460
The cold-water temperature signal based on dinocysts is more variable than the terrestrial T/M ratio decrease with a lag of a few thousand years (Fig. 3) . Changes in the CPI record are (Fig. S2) . The T/M ratio variability corresponds well to the LR04 benthic stack (Fig.   475 3), which is primarily an obliquity signal. Within the constraints of the sample availability, 
